Computational simulations for chloromethane hydrolysis have been performed using hybrid QM/MM methods with explicit solvation by large numbers of water molecules. In the first part of the paper we present results for 2° 
for chloromethane hydrolysis. [1] This work used the conventional approach in which molecular partition functions were evaluated for isotopologues of a single transition structure (TS) and single reactant structure (RS) connected to the former by an intrinsic reaction coordinate path. The 8 QM (AM1, HF/3-21G, HF/6-31G* or MP2/6-31G*) atoms of the nucleophile and electrophile, H 2 O + CH 3 Cl, were surrounded by a sphere of several hundred MM (TIP3P) water molecules, and our GRACE algorithms [2] were used to locate and characterize the energy minimum and the saddle-point for each QM method. Superficial comparison of the computed  ‡ H and -2 H 3 KIE values with experiment [3, 4] (Table 1) showed best agreement for MP2/6-31G* and worst for AM1 (in the first configuration considered), but consideration at several different RS/TS pairs determined at the AM1/TIP3P level with different solvent configurations (#1 to #5) showed that the variation in KIE values was at least as great as that between different QM methods. This finding suggested to us that comparisons of calculated and observed KIEs for reactions in explicit solution were, in general, likely to be either meaningless or fortuitous unless appropriate averaging over solvent configurations were performed. However, at that time we did not know how to do this averaging correctly. For example, should a simple arithmetic mean of the KIEs be taken, or should the average be Boltzmann-weighted according to the value of  ‡ H ? But the total QM/MM energies for the solvated RSs (or product structures) varied over a range of about 27 kJ mol 1 whereas those for the solvated TSs varied by only about 4 kJ mol 1 (Table 1) : should the reactant and transition states be considered independently?
Recently we reported ensemble-averaged QM/MM KIEs for the S N 2 reaction of cyanide anion with chloroethane in DMSO solution at 30 °C. [5] Best results were obtained as the ratio f RS /f TS  of isotopic partition function ratios (IPFRs) separately averaged over all RS and TS configurations. In this way the hybrid AM1/OPLS-AA potential yielded average KIE values for six isotopic substitutions (2° - Here we present results from computational simulations for chloromethane hydrolysis using QM/MM methods with explicit solvation by large numbers of water molecules. First, we discuss the notion of a "cutoff rule" for QM/MM calculations of KIEs for reactions with explicit solvation.
Second, we discuss ensemble-averaged KIEs calculated by means of the same procedure described in detail elsewhere. [5] H
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Methodology
A cutoff rule for KIEs of reactions in aqueous solution
A standard procedure to simplify computations in the early days of KIE calculations was to employ the cutoff rule first introduced by Stern and Wolfsberg: [6] it was possible to leave out parts of a "large" molecule without significantly affecting the value of a calculated KIE, provided that (a) it was around room temperature, (b) the omitted atoms were more than two bonds distant from the position of isotopic substitution where force constants changed from the reactant structure to the transition structure, and (c) the force constants for that portion of the molecule retained were correct (i.e. the same as they would be in the whole molecule without the cutoff). [7] Now that QM/MM calculations of KIEs in explicit solvent have become feasible, [8, 9] there is no need to truncate the structures of reacting systems in the original Stern-Wolfsberg manner, as it is possible to treat systems containing very large numbers of atoms. However, decisions do need to be made in regard to the extent of both the QM and MM regions and the size of the subset of atoms included in a subset Hessian determination. (Often the subset is the same as the QM region, but this is not a necessary condition: it could be either larger or smaller.) Moreover, in order to obtain reliable calculated KIEs, it is important to ensure that the sizes of both the whole system and the subset are adequate to provide satisfactory evaluation of both the potential energy and kinetic energy contributions to the isotopically-affected vibrational motions. The potential energy contribution is described (within the harmonic approximation) by the values of matrix elements of the Hessian (i.e. the magnitudes of the force constants mentioned in criterion (c) above) which depend upon the nature of the QM/MM potential: primarily the quality of the QM method and of the QM/MM interface. For example, it is essential include the influence of a solvent environment in order to describe KIEs accurately for a reaction in solution: it is not appropriate to use gas-phase force constants as these do not include the effects of solvation. The kinetic energy contribution is more subtle and describes the dynamical coupling between isotopically-substituted atoms and their environment within a solvated system.
To the extent that KIEs may be treated to a satisfactory degree of approximation by means of cutoff"
procedures, it implies that these ratios of rate constants are essentially local properties of the system, reflecting changes in curvature of the potential energy surface in the immediate vicinity of the position(s) of isotopic substitution. However, since the Stern-Wolfsberg cutoff rule was formulated for molecules in which the omitted atoms were covalently linked to the retained atoms, the systems now Wilson formalism. [10] Within transition-state theory, the semiclassical KIE is given by eq. 1, where Q RS and Q TS are molecular partition functions for RS and TS species, respectively. If translations, rotations and vibrations are considered as separable motions, each Q is the product of q trans , q rot and q vib : the latter term is evaluated over 3N -6 modes for RS and but 3N -7 modes for TS. Re-arrangement of the partition-function factors on the middle-left-hand side of eq. 1 yields a ratio ("RS over TS") of IPFRs ("heavy over light"), f RS and f TS . Note that this expression for the KIE does not explicitly include the ratio of isotopic transition frequencies ( light / heavy ) ‡ ; its effect is implicitly included within q trans and q rot values for the light and heavy RS and TS species.
(1)
KIEs were obtained for four isotopic substitutions (2° - 
N s subset atoms as translational and rotational modes with zero eigenvalues, leaving 3N s -6 genuine vibrations which satisfied the Teller-Redlich product rule [11] for isotopologues, being entirely consistent with the masses and moments of inertia obtained from the molecular geometries of the subset atoms alone. Each KIE in this study represented the ratio f RS /f TS of IPFRs for a single pair of RS and TS configurations.
Ensemble-averaged KIEs for reactions in aqueous solution
The key features of our procedure for ensemble averaging of KIEs are as follow. First, we perform QM/MM molecular dynamics (MD) simulations at the desired temperature for RS and TS; the TS is subject to a constraint to prevent it collapsing to the RS or product. Next, we extract numerous independent configurations from the RS and TS trajectories. For each "snapshot", we perform QM/MM geometry optimisation to either a local minimum or saddle-point within a frozen environment. The advantage of allowing each snapshot structure to optimize only to a local minimum within a frozen configuration of the environment is that each different structure is more likely to be representative of the whole system at the temperature of the simulation. In contrast, if for each snapshot the whole system is minimised, [12] then the configuration of the environment changes to something corresponding to a much lower temperature and which is unrepresentative of the real system. The method should capture the effects of specific interactions between a substrate and its environment that a continuum model is incapable of doing (for solutes in solution).
Finally we compute the QM/MM Hessian for a subset of selected atoms within the relaxed region and calculate the average KIE state (eq. 2) as the quotient of the average IPFR for the reactant state (eq.
3) as dividend with the average IPFR for the transition state (eq. 4) as divisor. All  RS RSs are considered as a reactant-state ensemble and all  TS TSs as a transition-state ensemble. This method is based on the assumption that the reactant state and the transition state are entirely independent, which is entirely consistent with conventional transition-state theory.
and 6 which include coupling between the N s subset atoms and their environment: [13] note the products are taken over the 3N s and 3N s -1 real vibrational frequencies of each RS and TS, respectively.
Within the limits of the harmonic approximation, it is logical also to include a quantum correction to the partition function for motion in the transition vector with its imaginary frequency (i.e. tunneling).
The tunneling correction to the KIE may be obtained approximately by means of Bell's expression for an inverted parabola, eq. 7.
[14]
In the event that the relaxation of the subset atoms to a local minimum or saddle point within their frozen environment yielded any residual small imaginary frequencies (not including the transition frequency for a transition structure), each of these was replaced by a real frequency of the same magnitude. This procedure is recommended for the following reason: owing to the non-separability of the internal and external modes, some of these small imaginary frequencies are isotopically sensitive to a (perhaps) surprising extent, such that their omission can cause the IPFR for that particular configuration to become <1, which is unphysical and incorrect. Furthermore, omission leads to larger standard deviations in the IPFR values and KIEs, whereas replacement by real frequencies appears to capture the isotopic sensitivity correctly and ensures that the vibrational product of all 3N s isotopic frequency ratios is numerically equal to the isotopic mass-ratio factor as it is required to be. Tables 2 and 3 . As even these are stripped away, so the balance between MMI, EXC and ZPE is affected due to changes in the isotopic sensitivities of the rigid-rotor and harmonic-oscillator partition functions [14] for rotation and vibration as the size and shape of the system changes. The use of eq. 1 to calculate the KIE in terms of 3 translation, 3 rotational and 3N s -6 vibrational degrees of freedom for RS and for TS is equivalent to removing the N s subset atoms from their solvent environment completely and treating them as a gas-phase cluster instead. Although the potential energy contribution to the vibrational motion is calculated using force constants from the fully solvated system, the kinetic energy contribution involves only the small subset of atoms.
Results and Discussion
A cutoff rule for KIEs of reactions in aqueous solution
The AM1 results (Table 2 ) suggest (fortuitously) that the products KIE = MMI  EXC  ZPE are hardly changed from N w = 104 to N w = 0 for each of the isotopic substitutions, whereas the B3LYP results (Table 3) show a dramatic change in the 2 H 3 KIE, in particular, as N w decreases from 5 to 2 and then to 0. A similar study for the chorismate rearrangement in water, [15] performed contemporaneously with these calculations, shows significant changes associated with removal of first-solvation-shell waters that make specific interactions with atoms of the reacting substrate. More recently we showed that errors in calculated KIEs, associated with similar changes in the size of the subset Hessian, were much lower when 3N s vibrational frequencies were used than when 3N s -6 projected vibrational frequencies were used together with masses and moments of inertia for the subset in isolation. [12] This suggests that the 6 "librations" of the subset with respect to its environment contain isotopically sensitive information that should not be excluded from KIE calculations. Thus, for S N 2 methyl transfer from S-adenosylmethionine to catecholate anion in water, [12] eqs. 5 and 6 were used to compute KIEs as quotients f RS /f TS of IPFRs involving all 3N s frequencies (vibrations + librations) of the subset.
Nonetheless, the final conclusion was the same: regardless of considerations of the choice of QM/MM method, for accurate calculations of KIEs in large systems it was recommended to select a subset of atoms including all covalently-bonded atoms to a distance of at least three bonds from any isotopically substituted atom (the Stern-Wolfsberg cutoff) together with any solvent atoms making specific interactions with any isotopically substituted atom. results do not include the quantum correction to the partition function for motion in the transition vector (tunneling, eq. 7) whereas the quantum-corrected (QC) results do. The MD simulations that generated the snapshot configurations from the local relaxations to minima or saddle points were initiated were performed at 363 K, so the frozen solvent environments should sample a distribution representative of that temperature, corresponding to the conditions of the experimental determination of
Ensemble-averaged KIEs for reactions in aqueous solution
. [16] However, once each Hessian has been computed, it may be used to evaluate IPFRs and KIEs at any temperature: 300 K is considered in order to facilitate comparison with our earlier work. [1] The value given for each KIE is the quotient f RS /f TS  of average IPFRs evaluated for all the RS and TS configurations. Of course, f RS  and f TS  each have a mean and a standard deviation: the results in Table 4 show mean values with their uncertainties given to ±1. The average KIEs are presented uniformly with 3 decimal places, even where the implied precision is not strictly justified by the magnitude of the uncertainty; this helps to identify where two results are numerically different even though they are indistinguishable within their uncertainties. It is appropriate to discuss the AM1/TIP3P results first and then B3LYP/6-31G* results.
The first row of data entries in Table 4 contains results obtained using AM1 as the QM method for Table 1 for the entries "AM1 #1" to "AM1 #5" previously obtained for TS and RS pairs connected by an intrinsic reaction coordinate path, although it may be seen that a couple of those KIEs lie outside ±2 of the present mean. Figure 2 shows the distribution of all possible individual KIEs, each obtained as the quotient f RS /f TS , for all possible pairs of 65 RSs and 9 TSs at 300 K: the full range of values extends from < 0.66 to > 1.00 and includes all the previous AM1 values.
The second row in Table 4 is similar to the first, but with the KIEs evaluated at 363 K. As expected, each KIE is smaller (closer to unity) than at the lower temperature. The average value for k(
= 0.84 ± 0.04 is still inverse and may be compared with the experimental value of 0.92 at 90 °C. [16] (Consideration of the quoted errors on the individual rate constants k( Row 3 in Table 4 contains results for 100 RSs obtained with an extended QM region containing chloromethane and the water nucleophile but also a variable number (up to 8) of additional firstsolvation-shell water molecules selected by a distance criterion, all of which were included in the Hessian. The mean value of the 2° -2 H 3 KIE is a bit larger (more inverse) than that shown in row 2, and the standard deviation is a little lower, perhaps reflecting the larger number of RS configurations sampled. Since Tables 2 and 3 suggest that inclusion of first-solvation-shell waters may tend to make this KIE less inverse by virtue of a kinetic energy effect, it is possible that the (slightly) more inverse result here might reflect changes in the Hessian due to polarization of the extra QM waters, i.e. a potential energy effect.
Rows 5 and 6 in Table 4 The final row of calculated results in Table 4 Table 4 . It is to be hoped that experimental values might yet be determined. The magnitudes and directions of the calculated values appear to be completely reasonable, especially as obtained with the B3LYP/6-31+G(d,p) method in combination with TIP3P.
Note that there is a substantial quantum correction to the 14 C KIE, suggesting a significant tunneling contribution to the isotope effect.
The energetics of chloromethane hydrolysis have been determined at the B3LYP/6-31G* level with continuum solvation (PCM): [17, 18] the calculated Gibbs energy of activation  ‡ G = 118 kJ mol
1
reported by Martínez et al. [17] agrees well with the experimental value of 117 kJ mol 1 [19] but it is unclear why Ruff and Farkas reported  ‡ G = 121.2 kJ mol 1 as agreeing well with an experimental value of 126.7 kJ mol 1 attributed to the same source. The structural parameters for the S N 2 TS in PCM water also differ somewhat. Martínez et al. [17] found the leaving group C Aida and Yamataka [20] computed 2° -2 H 3 and 1°
13
C KIEs for chloromethane hydrolysis at 363 K using the HF/6-31+G* method with 3, 4, 10 and 13 water molecules in gas-phase clusters. In each case a single TS was connected to a single RS by means of an intrinsic reaction coordinate path, and all waters were treated as QM. As the number of water molecules increased, so the calculated A QM/MM simulation has been performed for chloromethane hydrolysis is supercritical water. [21] The temperature (600 K) and density (0.33 g cm
3
) used in this study are completely from those in this work, and kinetic isotope effects were not reported.
Conclusions
Computational simulations for chloromethane hydrolysis performed using QM/MM methods with explicit solvation by large numbers of water molecules have yielded results of two kinds. First, we
shown that for accurate calculations of KIEs in solvated systems should involve a subset Hessian including the substrate together with any solvent atoms making specific interactions with any isotopically substituted atom. Second, the ensemble-averaged 2° - 
Methods
A cutoff rule for KIEs of reactions in aqueous solution
QM/MM calculations were performed by means of the CHARMM, [22, 23] GAMESS-UK [23, 24] and GRACE [2, 25] programs. Chloromethane and the nucleophilic water molecule were treated by the AM1 method [26] or the B3LYP density functional [27] with the 6-31+G(d,p) basis set, and 496 solvent water molecules in a surrounding sphere (radius 15 Å) were described by the flexible TIP3P MM potential [28] within CHARMM. Geometry optimisations were carried out for a representative minimum energy structure of the reactant complex (RC) and for a representative transition structure (TS) corresponding to a first-order saddle point on the energy hypersurface. Vibrational hessians were computed for a specified subset of N s atoms including the QM atoms and those of a selected number of MM water molecules. Our CAMVIB and CAMISO programs were employed, first to remove translational and rotational contributions from computed subset Hessians by a projection method, [29, 30] and second to evaluate partition functions for translation, rotation and vibration (for 3N s -6 internal degrees of freedom) of the subset atoms, and thence KIEs, within the harmonic-oscillator, rigid-rotor, ideal-gas approximations and the standard semi-classical transition-state theory of isotope effects.
Ensemble-averaged KIEs for reactions in aqueous solution
The MP2/6-31+G(d,p)/PCM optimized (GAUSSIAN09) [31] . The system was further relaxed by means of a 500 ps QM/MM MD simulation (DYNAMO) [32] at 363 K with all atoms free to move except that the O Chloromethane (QM) in water (MM) was also treated similarly as a reactant state. 100 structures were taken at 10 ps intervals along these MD trajectories, each with a different and representative solvent configuration, and for each of these a subset of atoms was then relaxed by means to a local stationary point within a frozen solvent environment, using a combination of GRACE and DYNAMO, and a Hessian was computed for each. The subset atoms were treated as QM, and were described by both AM1 and B3LYP/6-31+G(d,p) methods. Their IPFRs were determined treating both the internal and external degrees of freedom as harmonic vibrational modes, by means of our UJISO program [33] and KIEs were evaluated at both 300 K and 363.15 K. 
